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ABSTRACT S. epidermidis is a primary cause of biofilm-mediated infections in hu-
mans due to adherence to foreign bodies. A major staphylococcal biofilm accumula-
tion molecule is polysaccharide intracellular adhesin (PIA), which is synthesized by
enzymes encoded by the icaADBC operon. Expression of PIA is highly variable
among clinical isolates, suggesting that PIA expression levels are selected in certain
niches of the host. However, the mechanisms that govern enhanced icaADBC tran-
scription and PIA synthesis in these isolates are not known. We hypothesized that
enhanced PIA synthesis in these isolates was due to function of IcaR and/or TcaR.
Thus, two S. epidermidis isolates (1457 and CSF41498) with different icaADBC tran-
scription and PIA expression levels were studied. Constitutive expression of both
icaR and tcaR demonstrated that both repressors are functional and can completely
repress icaADBC transcription in both 1457 and CSF41498. However, it was found
that IcaR was the primary repressor for CSF41498 and TcaR was the primary repres-
sor for 1457. Further analysis demonstrated that icaR transcription was repressed in
1457 in comparison to CSF41498, suggesting that TcaR functions as a repressor only
in the absence of IcaR. Indeed, DNase I footprinting suggests IcaR and TcaR may
bind to the same site within the icaR-icaA intergenic region. Lastly, we found mu-
tants expressing variable amounts of PIA could rapidly be selected from both 1457
and CSF41498. Collectively, we propose that strains producing enhanced PIA synthe-
sis are selected within certain niches of the host through several genetic mecha-
nisms that function to repress icaR transcription, thus increasing PIA synthesis.

IMPORTANCE Staphylococcus epidermidis is a commensal bacterium that resides on
our skin. As a commensal, it protects humans from bacterial pathogens through a
variety of mechanisms. However, it is also a significant cause of biofilm infections
due to its ability to bind to plastic. Polysaccharide intercellular adhesin is a signifi-
cant component of biofilm, and we propose that the expression of this polysaccha-
ride is beneficial in certain host niches, such as providing extra strength when the
bacterium is colonizing the lumen of a catheter, and detrimental in others, such as
colonization of the skin surface. We show here that fine-tuning of icaADBC transcrip-
tion, and thus PIA synthesis, is mediated via two transcriptional repressors, IcaR and
TcaR.
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Staphylococcus epidermidis colonizes the human skin, especially the axillae, head,
legs, arms, and nares (1). In this environment, S. epidermidis is considered a

commensal organism and is thought to be beneficial to the human host by preventing
colonization of pathogens via intra- and interspecies competition (2, 3). S. epidermidis has
also been shown to influence the host immune response, resulting in enhanced innate
immunity against more pathogenic species (4). However, due to its ability to bind foreign
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bodies, S. epidermidis is the fourth leading cause of hospital-acquired infections,
accounting for 22% of bloodstream infections in ICU patients, and mediates 30 to 43%
of prosthetic joint infections (5–9).

S. epidermidis infections are characterized by the formation of biofilms (10). Biofilms form
on damaged host tissues or surgically implanted medical devices and are generally defined
as complex, three-dimensional communities of cells, surrounded by a matrix (11, 12). Due
to their structure and the quiescent state of cells within a biofilm, biofilm infections are
known to be resistant to antimicrobials, as well as the host immune system (13–15). Biofilms
form on the surface of medical implant devices such as catheters, knee and hip joints, as
well as cerebrospinal fluid (CSF) shunts. The formation of biofilms is commonly described
as a multistep process consisting of adherence, multiplication, exodus, maturation, and
dispersal (16, 17). This process involves many factors, including proteins, extracellular DNA,
teichoic acids, polysaccharides, nucleases, and proteases (12, 18–24). Polysaccharide inter-
cellular adhesin (PIA) has been well described in the literature as an accumulation molecule
utilized during S. epidermidis biofilm formation (11, 21, 22, 25–43). Although S. epidermidis
produces other molecules (Aap, Embp, Bap, etc.) that function in biofilm accumulation
(44–48), PIA synthesis enhances virulence as evident using models of implant-related
infection (37–39). Further, other investigators have found that shear flow induces PIA
synthesis in both S. epidermidis and S. aureus, suggesting that PIA may function to
protect the biofilm structure during shear stress (5, 48, 49). Indeed, our laboratory
recently reported that S. epidermidis isolates collected from catheter-related infec-
tions more often produced significant levels of PIA, suggesting that mutants with
enhanced PIA synthesis may be selected during high shear stress, such as the lumen
of a catheter. Furthermore, it has been well documented that there is wide variation
in the amounts of PIA produced by different S. epidermidis clinical strains, and those
strains producing significant amounts of PIA are phenotypically noted as producing
enhanced biofilm in in vitro biofilm tests (43, 50–55). However, it is unclear how this
wide variation in PIA synthesis is regulated.

The icaADBC operon, which encodes the enzymes responsible for the synthesis of
PIA, was originally identified from experiments using transposon mutagenesis to isolate
S. epidermidis mutants unable to form biofilm (56–58). PIA is a partially N-acetylated
�-1,6-linked poly-N-acetyl-D-glucosamine (PNAG) polymer (28, 31, 56). icaADBC tran-
scription has been shown to be regulated by a multitude of growth conditions, as well
as by various transcriptional regulators, including IcaR, TcaR, SarA, and the � factor �B

(11, 59–66).
Upstream of and divergently transcribed from the icaADBC promoter is icaR, a

member of the TetR family of transcriptional regulators encoding a transcriptional
repressor of the ica operon (59). IcaR functions by binding to a specific DNA sequence
immediately upstream of icaA (67). Regulation of icaR itself is not well understood,
although the alternative sigma factor �B has been shown to indirectly repress icaR
transcription (64). Transcription of icaR has been shown to also be repressed by 10%
NaCl and 4% ethanol (68), perhaps due to the involvement of �B and its function as a
stress response � factor.

In addition to IcaR, a second direct repressor of icaADBC was identified in S. aureus.
The regulator, named TcaR (teicoplanin-associated locus regulator), belongs to the
MarR family of transcriptional regulators which function in teicoplanin and methicillin
resistance (69), as well as regulation of a number of genes including spa, sasF, sarS, and
icaADBC (63, 70, 71). Putative binding sequences have been identified in the promoter
region of the ica operon, suggesting that TcaR functions as a direct repressor (72, 73).
However, functional studies of TcaR in regulating icaADBC expression, PIA synthesis,
and biofilm formation have not been reported in S. epidermidis.

We report here that both IcaR and TcaR function to repress icaADBC transcription in
S. epidermidis and show that IcaR is transcriptionally repressed in 1457, a strain that
produces enhanced PIA. Thus, mutations that function to repress IcaR transcription may
be selected in high shear environments to allow for enhanced binding capability.
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RESULTS
S. epidermidis strains 1457 and CSF41498 differ in icaA transcript, PIA synthe-

sis, and in vitro biofilm formation. Our previous results and those of others (36, 43,
48, 74–76) have documented that biofilm/PIA levels are variable among clinical isolates
of S. epidermidis and enhanced biofilm formation correlates with increased icaA tran-
script and enhanced PIA synthesis. We chose to study strains 1457 and CSF41498, two
genetically amenable clinical strains that differ in their in vitro biofilm production and
synthesis of PIA. As shown in Fig. 1A, an enhanced icaA transcript is detected in strain
1457 compared to the strains 1457 ΔicaA and CSF41498. In addition, strain 1457
produces more PIA, as detected by immunoblotting (Fig. 1B), in addition to in vitro
biofilm, as assessed using a Christensen biofilm assay (Fig. 1C).

Both IcaR and TcaR regulate icaADBC transcription. IcaR is a direct repressor of
icaADBC in both S. aureus and S. epidermidis (59, 61, 63, 68); however, the function of
TcaR is less understood. Based on the observation that PIA synthesis and icaA tran-
scription were variable in clinical isolates of S. epidermidis, we hypothesized that IcaR
and/or TcaR was nonfunctional in strains producing excess PIA such as strain 1457.
Bioinformatic analyses of the 1457 and CSF41498 genomes (accession numbers
CP020463.1 and CP030246) showed no sequence divergence in icaR, tcaR, icaADBC, or
the icaR-icaA intergenic region. icaR and tcaR allelic replacement mutants were con-
structed in both 1457 and CSF41498 and biofilm production, PIA synthesis and icaA
transcription were assessed. Consistent with previous results, deletion of icaR in
CSF41498 resulted in increased icaA transcription and enhanced biofilm and PIA
synthesis (Fig. 2B, C, and E) (59, 68). However, in contrast to CSF41498, inactivation of
icaR in S. epidermidis 1457 resulted in no significant difference in icaA transcription or
biofilm production, and PIA synthesis decreased slightly (Fig. 2A, C, and E). We also
observed opposite phenotypes when the tcaR mutants of 1457 and CSF41498 were
compared. In strain 1457, enhanced icaA transcript, PIA synthesis, and biofilm produc-
tion were detected (Fig. 2A, C, and E). In contrast, no significant changes were noted in

FIG 1 S. epidermidis 1457 and CSF41498 differ in icaA transcription, PIA synthesis, and biofilm formation. In
comparison to 1457, less icaA transcript (A), PIA (B), and biofilm (C) was detected in CSF41498. RNA was isolated from
the mid-exponential phase during microaerobic growth (5:3 flask to volume ratio; 125 rpm, 37°C). PIA was purified from the
post-exponential phase. Biofilm was stained with crystal violet after 24 h of growth in TSB. RNA gel shown as a loading control.
PIA dot blot and biofilm analyses were assessed using three biological replicates.
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the CSF41498 ΔtcaR strain with respect to PIA synthesis or biofilm production and a
decrease in icaA transcript was detected by quantitative reverse transcription-PCR
(qRT-PCR) (Fig. 2B, C, and E). However, similar phenotypes were observed when the
ΔicaR ΔtcaR mutants were compared between 1457 and CSF41498; both strains

FIG 2 icaA transcription, PIA synthesis, and biofilm production in 1457 and CSF41498. (A and B) Quanti-
tative real-time PCR was performed to evaluate icaA transcription in 1457 (A) and CSF41498 (B) ΔicaR, ΔtcaR,
ΔicaR �tcaR, and constitutive icaR and tcaR cis complement strains. icaA (3310 and 3311) and gyrB (2301
and 2302) specific primers were used. icaA expression was calculated relative to gyrB, and all strains were
compared to the wild type. RNA was isolated in the mid-exponential phase during microaerobic growth (5:3
flask/volume ratio; 125 rpm, 37°C). One-way analysis of variance (ANOVA) was performed, followed by
Dunnett’s multiple-comparison test, to determine significance; all groups were compared to the wild type. **,
P � 0.01; ***, P � 0.001. (C and D) PIA was purified from the post-exponential phase and detected using a
PIA-specific antibody. The percent intensity was measured using ImageJ software. (E) Biofilm formation was
determined using a Christensen biofilm assay and assessed based on the OD595. Statistical analysis for panels C,
D, and E was performed using one-way ANOVA with Tukey’s multiple-comparison test. *, P � 0.05; **, P � 0.01;
***, P � 0.001; ****, P � 0.0001. PIA dot blot and biofilm analyses were assessed using three biological replicates.

Hoang et al. Journal of Bacteriology

March 2019 Volume 201 Issue 6 e00524-18 jb.asm.org 4

https://jb.asm.org


produced enhanced icaA transcript, PIA synthesis, and biofilm production (Fig. 2A, B, C,
and E). Collectively, these data suggest that both IcaR and TcaR function to regulate
icaADBC transcription.

Based on the fact that the 1457 ΔicaR mutant yielded only a slight phenotype, we
predicted that icaR may not be transcriptionally active in this strain. Indeed, transcrip-
tional analysis of both 1457 and CSF41498 demonstrated that less icaR transcript was
detected in 1457 in comparison to CSF41498 (Fig. 3). Further, we constructed plasmids
encoding 1457 icaR (pNF332) or tcaR (pNF333) that were controlled by a constitutive
sarA promoter (77). Both pNF332 and pNF333 were integrated into the S. epidermidis
chromosomal lipase gene of both ΔicaR and ΔtcaR mutants, respectively, using allelic
replacement methodologies. These data demonstrated that overexpression of IcaR or
TcaR in the 1457 or CSF41498 background resulted in complete repression of icaA
transcript, PIA synthesis, or biofilm production (Fig. 2A, B, D, and E). In addition, when
pNF332 and pNF333 were integrated into 1457 ΔicaR ΔtcaR and CSF41498 ΔicaR ΔtcaR
strains, constitutive expression of either IcaR or TcaR again resulted in complete
repression of icaA transcript, PIA synthesis, and biofilm production (Fig. 2A, B, D, and E).
Collectively, these data suggest that both IcaR and TcaR function as a repressor of
icaADBC transcription. When overproduced, both proteins can effectively abolish

FIG 3 icaR transcription in 1457 and CSF41498. Northern blot analyses of icaA and icaR transcripts in 1457 and CSF41498 and mutants were
performed. Transcript was detected using a DIG-labeled icaA or icaR DNA probe. Total RNA was isolated in the mid-exponential phase after
microaerobic growth (5:3 flask/volume ratio; 125 rpm, 37°C). The percent intensity was measured using ImageJ software. An RNA gel is shown as
a loading control.
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icaADBC transcription, PIA synthesis, and biofilm formation. However, when IcaR is
expressed at sufficient levels, such as in CSF41498, it effectively represses icaADBC
transcription and TcaR has little functional role in icaADBC transcription. However, when
IcaR concentration is reduced, such as in strain 1457, TcaR functions as a repressor of
icaADBC, suggesting that IcaR is the major repressor. In addition, these data may
suggest that IcaR and TcaR may have overlapping binding sites in the icaR-icaA
intergenic region.

Lastly, it was noted that a decrease in icaA transcript was detected in the CSF41498
ΔtcaR strain, suggesting that TcaR may function to repress icaR transcription (Fig. 2B
and 3). Therefore, Northern analyses were performed to determine icaR transcript in the
1457 and CSF41498 ΔtcaR mutants. We observed a slight increase in the detection of
icaR transcript in the tcaR mutant in both 1457 and CSF41498 (Fig. 3). These data are
corroborated by previous work identifying a TcaR binding site located within the icaR
promoter (72) and show that TcaR not only functions as a repressor of icaADBC
transcription but also functions as a repressor of icaR. It was tempting to speculate that
enhanced tcaR transcription was noted in 1457, in comparison to CSF41498, allowing
for decreased icaR transcription. However, RT-PCR analyses noted that there was no
significant difference in tcaR transcription suggesting that tcaR is not transcriptionally
upregulated in 1457, facilitating decreased icaR transcription (see Fig. S1 in the sup-
plemental material).

TcaR binds to multiple sequences in the icaR-icaA intergenic region. Since IcaR and
TcaR are known to bind to the icaR-icaA intergenic region (67, 78), DNase I footprinting
assays were performed to determine whether both bind to similar DNA sequences within
the icaR-icaA intergenic region. As expected, binding of IcaR to the DNA resulted in a
protected region just upstream of the icaA start site (Fig. 4), confirming previous DNase I
footprinting results that IcaR bound to a 42-bp sequence in the ica promoter (78). The
addition of TcaR resulted in the partial protection of three regions within the icaR-icaA
intergenic region, one of which overlapped with the icaR binding region. Previous data
found that TcaR binds to three sites within the icaR-icaA intergenic region (63, 72). Although
previous electrophoretic mobility shift assays (EMSAs) demonstrated that TcaR bound just
upstream of the icaR start site (TcaR binding site 1) (Fig. 4), we were unable to observe a
clear binding area within this region. However, we did observe binding to the 2nd and 3rd
TcaR binding regions in addition to a binding region within the IcaR binding site. It is
important to note that the proposed icaR promoter is found within TcaR binding region 2.
Taken together, our data show that TcaR binds to at least three sites within the icaR-icaA
intergenic region and may bind to the same region as IcaR.

Selection of mutants that facilitate altered PIA synthesis in 1457 and
CSF41498. Previous studies have hypothesized that mutations which facilitate en-
hanced PIA synthesis are selected to allow for colonization in high shear stress niches
such as the lumen of a catheter (22, 74). Based on our studies with 1457, it is possible
that some of these mutations mediate decreased icaR transcription, resulting in in-
creased PIA synthesis. To identify potential mutations that mediate increased PIA
synthesis, CSF41498 was grown in tissue culture flasks, and the medium, tryptic soy
broth (TSB), was replaced daily for 5 days to select for mutations that facilitate adher-
ence to the plastic. On day 5, Congo red agar (CRA) was used to identify CSF41498
mutants with enhanced PIA synthesis (colonies appear crusty instead of smooth) (Fig.
5A) (79). In a similar manner, to identify 1457 mutants that produce decreased PIA, 1457
was grown in biofilm flow cells (Stovall) and plated on CRA after 5 days to isolate
smooth colonies as previously described (22). In addition, 1457 smooth mutants were
isolated from a guinea pig tissue cage model as previously described (80).

A total of 10 CSF41498 mutants with increased PIA and biofilm formation were isolated,
and six were selected for further analysis (A9, P4, C9, D9, N2, and O7). We observed highly
variable phenotypes with all six of these mutants with regard to icaA/icaR transcriptional
analysis and PIA/biofilm synthesis (Fig. 5B and C). Enhanced icaA transcription was detected
in all six mutants, and other than mutant P4, all of them showed increased biofilm/PIA
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FIG 4 TcaR binds to multiple sites in the icaR-icaA intergenic region. Incubation with IcaR resulted in
a footprint upstream of icaA. Incubation with TcaR resulted in a footprint throughout the intergenic
region (three sites noted on the right). 32P-labeled icaR-icaA intergenic DNA (amplified with the primers
2855 and 2965) was incubated with increasing concentrations of recombinant IcaR or TcaR, treated
with DNase I, and electrophoresed on a 6% denaturing polyacrylamide gel. Previously proposed TcaR
binding sites and experimentally derived IcaR binding site are noted on the left.

Transcriptional Regulation in S. epidermidis Journal of Bacteriology

March 2019 Volume 201 Issue 6 e00524-18 jb.asm.org 7

https://jb.asm.org


synthesis. Based on our observations with 1457, we expected that some of the mutants
would display decreased icaR expression. Indeed, less icaR transcript was detected in
mutants P4 and O7. Of particular interest was mutant O7 since it displayed the most similar
phenotype with that observed in strain 1457. No icaR was detected in mutant O7, and a
more pronounced biofilm/PIA phenotype was observed in the tcaR mutant compared to
the icaR mutant. Interestingly, mutants A9, P4, D9, N2, and O7 had decreased icaA
transcription when allelic replacement mutations in icaR and tcaR were introduced in this
mutant background, suggesting that the function of IcaR and TcaR with regard to the
regulation of icaADBC has been altered in these mutants. Unfortunately, for unknown
reasons, we were unable to generate tcaR mutations in mutants A9 or P4 by either �71-
and �A6C-mediated transduction or direct allelic replacement methodologies.

Alongside CSF41498, we also isolated six 1457 mutants that made less PIA than did
the wild type. Four were obtained using flow cell methodology, whereas 22R5 and 22R6
were isolated from a guinea pig tissue cage model (22, 80). With the exception of PV22,
icaA transcription is markedly lower in these mutants compared to the 1457 wild-type
strain, confirming that these mutants carry mutations that repress expression of
icaADBC. In addition, other than strain 22R6, which appears to produce similar amounts
of PIA as 1457, PIA immunoblot and biofilm assays corroborated this observation
documenting that these isolates produce less PIA-mediated biofilm (Fig. 6). Impor-
tantly, other than strain PV22, all 1457 mutants had similar phenotypes as CSF41498.
This phenotype included enhanced icaR transcript, decreased icaA transcript, and
enhanced biofilm and PIA synthesis as well as an increase in icaA transcript when an
icaR mutation was introduced. Other than a modest increase in PIA production, little
phenotype was observed in the tcaR mutants. Interestingly, icaA transcription does not
correlate with PIA synthesis and biofilm in mutant PV22; however, allelic replacement
of icaR does result in increased PIA/biofilm synthesis. Collectively, these experiments with

FIG 5 icaA transcription, PIA synthesis and biofilm production in CSF41498 enhanced biofilm mutants. CSF41498 was screened on Congo red agar (CRA) after
selection for enhanced adherence. Strains not producing PIA, such as the 1457 ΔicaA mutant, have a smooth, round phenotype on CRA, whereas strains that
produce significant amounts of PIA, such as 1457, appear crusty and rough on CRA. CSF41498 has an intermediate phenotype on CRA. (A) CSF41498 mutants
selected on CRA have a colony phenotype similar to 1457. (B and C) Northern blot analyses detecting icaA and icaR transcript in CSF41498 biofilm mutants in
addition to PIA synthesis (B) and biofilm formation (C) compared to CSF41498 wild type (WT). Statistical analysis was performed using one-way ANOVA with
Tukey’s multiple-comparison test. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. An RNA gel is shown as a loading control. PIA dot blot and biofilm
analyses were assessed from three biological replicates.
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both CSF41498 and 1457 suggest that mutations can be easily selected that will result in
decrease of icaR transcription, most likely yielding enhanced PIA synthesis. Further, com-
pensatory mutations can also be easily selected from 1457 that facilitate the transcriptional
regulation of icaADBC by IcaR, similar to the phenotype observed in CSF41498.

Identification of mutations that facilitate altered PIA synthesis in 1457 and
CSF41498. Whole-genome sequencing was performed to identify mutations in the ten
CSF41498 mutants and six 1457 mutants that were isolated. First, it is important to note
that multiple mutations were detected in all strains sequenced (Table S3). In the 1457

FIG 6 icaA transcript, PIA synthesis, and biofilm production in 1457 mutants that produce less biofilm.
(A and B) Northern blot analyses detecting icaA and icaR transcript in 1457 biofilm mutants in addition
to PIA synthesis (A) and biofilm formation (B) compared to 1457 wild type (WT). Statistical analysis was
performed using one-way ANOVA with Tukey’s multiple-comparison test. *, P � 0.05; **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001. An RNA gel is shown as a loading control. PIA dot blot and biofilm analyses
were assessed from three biological replicates.
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mutants, we found mutations in several common genes, including ferrous iron trans-
porter B (feoB), tributyrin esterase, phosphoenolpyruvate synthase regulatory protein,
and RNase Y, as well as two hypothetical proteins with unknown function. Not
surprisingly, we also discovered mutations in icaA (in PV22) and �B (PV19). As previously
discussed, �B activates icaADBC by indirectly repressing icaR expression (64) therefore,
mutations in either icaA or �B could lead to abolishment of icaADBC transcription and
PIA synthesis.

Results from sequencing the ten CSF41498 mutants revealed that each carried
mutations in multiple genes (Table S3). Some of the ten CSF41498 mutant isolates had
mutated genes in common, including homoserine-O-acetyltransferase, aldehyde dehy-
drogenase A (aldA), c-di-AMP phosphodiesterase (gdpP), L-carnitine/choline transporter
(opuCA), respiratory nitrate reductase (narH), and an Abr family transcriptional regula-
tor. Unsurprisingly, we also discovered mutations in icaB and icaR. icaB is a deacetylase
whose function is to impart a negative charge on PIA, allowing for interaction with the
cell surface as well as to various surfaces. Surprisingly, a mutation in icaB was identified
in mutant O7 which exhibits enhanced icaA transcription and PIA synthesis compared
to the CSF41498 wild type (Fig. 5). These data may suggest that this substitution
mutation in icaB results in enhanced IcaB activity, thus facilitating the phenotype
observed in mutant O7. As expected, a mutation in icaR would lead to derepression of
icaADBC and thus PIA synthesis and biofilm formation. Since these mutants all have
mutations in multiple genes, it is likely that multiple mutations are required to alter
icaADBC expression and PIA synthesis. Furthermore, many mutations are substitution
mutations, and therefore the effects on protein function are largely unknown.

Aside from icaR, sequencing results identified one other transcriptional regulator
potentially involved in regulation of icaADBC. In B. subtilis, AbrB regulates two genes
implicated in biofilm formation: yoaW and sipW. SipW was shown to be a signal
peptidase with function in processing either an intercellular adhesin or motility struc-
ture (81, 82). Considering this, the regulator we identified may also function to regulate
biofilm formation in staphylococci. However, further experiments are required to
confirm this.

Lastly, GGDEF domain-containing proteins have diguanylate cyclase activity (and
sometimes phosphodiesterase activity) (83, 84). GdpS is the only staphylococcal protein
carrying this highly conserved domain, whereas GdpP has a modified domain (85).
GdpP has been shown to affect biofilm formation in several organisms (86–89), and
GdpS can regulate PIA synthesis by increasing icaADBC mRNA levels (85). Since gdpP
was mutated in multiple CSF41498 mutants, we speculated that GdpP can function to
regulate icaADBC and PIA synthesis. To investigate whether inactivating gdpP would
lead to decreased icaADBC transcription, gdpP mutants were generated in 1457 and
CSF41498 using allelic replacement methodologies. We did not observe any change in
icaA transcription or biofilm formation in the gdpP mutants of both 1457 and CSF41498
(Fig. S2), indicating that GdpP does not function alone in regulating PIA in S. epider-
midis. While mutations in gdpP did arise in multiple CSF41498 biofilm mutants, it must
be noted that these were substitution mutations. It is unknown what effects these
substitutions have, if any, on protein function. Furthermore, the biofilm mutants carried
mutations in multiple genes, suggesting that increased PIA synthesis could be due to
a combination of multiple factors. Further studies are required to determine which of
the remaining identified genes, or combination of genes, function in the regulation of
PIA synthesis.

DISCUSSION

S. epidermidis is a commensal skin bacterium common on a variety of sites, including
the nares, axillae, arms, and legs (1). As part of the skin microbiota, S. epidermidis has
been shown to play a protective role by preventing colonization of pathogens (2, 3).
However, S. epidermidis is also known to cause various infections and is the most
frequent cause of those involving indwelling medical devices, including catheters,
cerebral spinal fluid shunts, and prosthetic joints (8). Unlike the abundance of virulence
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factors that S. aureus possess, S. epidermidis has few virulence factors, and the most
significant is the ability to form biofilm. While PIA has been shown to be an important
component of biofilms, it is well known that not all S. epidermidis strains carry icaADBC,
especially those isolated from healthy individuals (25, 43, 74, 90–93). Furthermore,
previous studies have shown that ica-positive clinical isolates do not necessarily
synthesize PIA, suggesting that icaADBC transcription is heavily repressed (36, 74).
These data suggest that PIA synthesis, while important during biofilm formation and
potentially during high shear stress, is not always advantageous. Indeed, our laboratory
has previously demonstrated that, in a skin colonization model, an ica mutant was more
adept at colonization of skin than a strain producing enhanced PIA (strain 1457). This,
in combination with the observation that isolates from the skin of healthy individuals
generally lack icaADBC, suggests that strains lacking this operon are selected for in this
environment. It is possible that PIA masks molecules important for adherence to
terminally differentiated keratinocytes. In addition, synthesis of PIA is expensive met-
abolically as carbon is shunted away from glycolysis and cell wall biosynthesis.

However, we propose that there may be niches where enhanced synthesis of PIA is
selected. We have previously reported that S. epidermidis clinical isolates from a
high-shear environment (such as catheters) are more likely to carry the ica operon and
synthesize PIA than those from low-shear environments (74). Furthermore, icaA tran-
scription and PIA synthesis are increased when biofilms are grown under high-shear
flow (5, 49, 74). These data provide evidence that, while PIA is not advantageous under
all conditions, there are circumstances under which strains able to synthesize PIA are
selected. We studied here two S. epidermidis strains isolated from different infection
sites that produce different PIA levels. 1457 was isolated from a catheter infection (high
shear) and synthesizes high PIA and biofilm (94) while CSF41498 was isolated from a
cerebral spinal fluid infection (low shear) and generally makes little PIA unless
induced by NaCl (59). IcaR is a well-characterized repressor of icaADBC (59, 61, 63,
67, 68, 78); however, in contrast to CSF41498, an icaR mutation did not have any
observable effects on icaA transcription or PIA synthesis in 1457. Less icaR transcript
is detected in 1457 than in CSF41498, suggesting that icaADBC is derepressed in
strain 1457 due to decreased icaR expression. Complementation of icaR using a
constitutive promoter completely represses icaA transcription and PIA synthesis,
demonstrating that IcaR is functional.

Furthermore, in 1457, where icaR transcription is reduced, TcaR was shown to be the
primary repressor since a tcaR mutant results in significantly increased icaA transcrip-
tion and PIA synthesis. However, in CSF41498, where IcaR is sufficient in repressing
icaADBC, a tcaR mutant did not express icaA. These data confirm previous reports that
TcaR is not a major repressor of icaADBC (63) and only function when the primary
repressor, IcaR, is not present. This suggests that TcaR may have a lower binding affinity
than IcaR. To investigate this, we performed DNase I footprinting and, indeed, were
able to show that both IcaR and TcaR bound to the intergenic region between icaR and
icaA. Although IcaR bound to one sequence near the icaA start site, TcaR bound to
multiple sites, suggesting a possible binding competition between IcaR and TcaR. In
addition, TcaR has binding sites in the icaR promoter, confirming transcriptional data
that TcaR represses icaR transcription. This indicates that TcaR can function as a
regulator of both icaR and icaADBC, providing multiple avenues by which TcaR can
influence icaADBC transcription.

Our data thus far suggest that clinically relevant high PIA-producing strains, such
as 1457, have gained mutations leading to decreased icaR expression and dere-
pressed icaADBC. In an effort to identify these mutations, we sequenced 1457
mutants with decreased PIA synthesis and observed that, indeed, enhanced icaR
transcription is detected. In addition, we identified a number of mutations that,
perhaps cooperatively, could be responsible for repressing icaR transcription. Fur-
thermore, we were able to easily isolate CSF41498 biofilm mutants displaying
increased icaA transcription, PIA synthesis, and biofilm formation. Collectively, our
results suggest that different mutations can be selected in S. epidermidis that
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fine-tune PIA synthesis to allow for colonization in multiple niches of the host,
including the epidermis and biomaterials.

MATERIALS AND METHODS
Culture media and growth conditions. Bacterial strains and plasmids used in this study are listed

in Table S1 in the supplemental material. Escherichia coli was grown in lysogeny broth (LB; Becton
Dickinson Difco, Franklin Lakes, NJ), and staphylococcal strains were cultured using TSB (Becton Dickin-
son Difco). Antibiotics were used at the following concentrations: 10 �g/ml chloramphenicol, 10 �g/ml
tetracycline, 10 �g/ml trimethoprim, 10 to 50 �g/ml erythromycin, and 100 �g/ml kanamycin. These
same concentrations were also used to grow E. coli, with the exception of kanamycin (50 �g/ml),
erythromycin (500 �g/ml), and ampicillin (50 �g/ml). Cultures were grown aerobically (1:10 medium/flask
ratio, 250 rpm) or microaerobically (3:5 medium/flask ratio, 125 rpm) at 37 or 30°C for temperature-
sensitive strains.

Generation of tcaR allelic replacement plasmid. Primer pairs 2038-2039 (BamHI and XbaI) and
2015-2016 (SalI and PstI) (Table S2) were used to amplify the 5= and 3= regions, respectively, of tcaR using
S. epidermidis 1457 as the template DNA (GenBank accession number CP020463.1). These sequences
were inserted into the pUC19 multiple cloning site using the corresponding restriction enzyme sites.
Primers 2234 and 2235 were used to amplify the dhfr cassette (conferring for trimethoprim resistance)
and inserted between the 5= and 3= sequences using SalI and XbaI. PCR was performed with Pfurther
long-range DNA polymerase (Monserate Biotechnology Group, San Diego, CA). This construct was then
digested with PstI and ligated into pROJ6448 to generate pNF263. pNF263 was isolated from E. coli DH5�

and electroporated into electrocompetent S. aureus RN4220 (95, 96). Plasmid DNA was then isolated from
RN4220 and electroporated into electrocompetent S. epidermidis 1457 and transduced into CSF41498 via
bacteriophage �A6C.

Generation of icaR and tcaR complementation strains. The sarA promoter was amplified with
3090 and 3091 (icaR) or 3092 (tcaR), whereas the icaR and tcaR open reading frames were amplified with
primer pairs 3093-2697 and 3094-3095, respectively (Table S2). Because these genes were driven by the
constitutive sarA promoter instead of their native promoter, splicing with overlap extension (SOE) PCR
was performed to ensure the sarA promoter could be cloned to the gene without introduction of
restriction enzyme recognition sites. These sequences were ligated into pCL10 using KpnI and BamHI.
The 5= and 3= regions of the lipase gene were amplified with primer pairs 3096-3097 (SalI and XbaI) and
3098-3099 (KpnI and SacI), respectively. A kanamycin resistance cassette was amplified with primers 3088
and 3089 and inserted between the 5= and 3= lipase sequences using BamHI and XbaI to generate
pNF332 (icaR) and pNF333 (tcaR). These plasmids were constructed in E. coli DH5�, electroporated into
electrocompetent PS187 ΔhsdR ΔsauUSI, before being transduced into S. epidermidis 1457 using bacte-
riophage �187 according to a previously described protocol (97, 98). A similar approach was used to
generate the gdpP mutant using primers noted in Table S2.

Allelic exchange. S. epidermidis strains carrying the allelic replacement vectors were grown in TSB
plus antibiotic (i.e., TSB plus erythromycin for pUC19-pROJ6448 or plus chloramphenicol for pCL10) at
30°C until to mid-exponential phase. This culture was then inoculated 1:100 into a fresh culture tube
containing TSB only and grown at 45°C overnight. Cultures were diluted 1:100 in fresh TSB every day.
Starting on the third day, cultures are serial diluted and plated on TSA plus antibiotic and grown at 45°C.
These plates were then patched onto TSA plus antibiotic and confirmed as single recombinants by PCR.
Single recombinants were inoculated into fresh culture tubes and grown as described above to generate
double recombinants. To identify double recombinants, colonies were patched onto TSA plus mutant
antibiotic marker (or just TSA if markerless mutant) and TSA plus vector antibiotic marker. Double
recombinants were confirmed by PCR using primers located outside recombination region. When
possible, mutations were backcrossed into a clean background using �71 or �A6C (98).

Transduction of �icaR and �tcaR mutants. Mutations were transduced into clinical isolates and
biofilm mutants with �71 or �A6C propagated on 1457 icaR::tetM and 1457 tcaR::dhfR, as previously
described (98).

RNA isolation and Northern blot analyses. Overnight cultures grown in TSB were diluted into flasks
containing TSB to an optical density at 600 nm (OD600) of 0.05 and grown microaerobically. Cells were
collected at the appropriate time points, pelleted at 4°C (5,000 rpm), and resuspended in 900 �l of RLT
buffer (Qiagen) (containing 10% �-mercaptoethanol). Cells were disrupted using a Bead Ruptor 24
(speed � 6.0, 25 s, two times; Omni International, Kennesaw, GA) and centrifuged at 13,000 rpm for 10
min at 4°C. The supernatant was added to 500 �l of ethanol, and RNA was isolated using an RNeasy
minikit according to the manufacturer’s protocol (Qiagen, Hilden, Germany). Next, 4 to 5 �g of RNA was
subjected to Northern blot analyses using DNA probes amplified with digoxigenin (DIG)-labeled dUTP
(primers listed in Table S2; Roche, Indianapolis, IN). Probe detection was performed with antidigoxigenin-
alkaline phosphatase (AP) Fab fragments (Roche) and ECF substrate (GE Healthcare) or CDP Star
chemiluminescent substrate (Life Technologies, Bedford, MA). Each Northern blot analysis was performed
at least three independent times.

Quantitative real-time PCR. cDNA was generated using a QuantiTect reverse transcription kit
(Qiagen) with �500 ng of RNA/sample. qRT-PCR was performed with a LightCycler 480 SYBR green I
Master kit (Roche) using cDNA (diluted 1:20) from S. epidermidis strains using a LightCycler 480 II
instrument (Roche). tcaR and icaA transcript levels were normalized to gyrB and are reported as the fold
change compared to wild-type levels.

PIA immunoblot assay. Bacterial cultures were collected to an adjusted OD600 of 5 and pelleted by
centrifugation (5,000 rpm, 5 min). PIA was isolated as previously described (99). Briefly, pellets were
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resuspended in 500 �l of TE buffer and heated at 100°C for 5 min. The samples were centrifuged; the
supernatants were separated and treated with proteinase K for 1 h at 37°C and then heated at 95°C for
10 min to inactivate the proteinase K. PIA preparations were applied to 0.45-�m nitrocellulose mem-
branes (Bio-Rad Laboratories) using a Bio-Dot apparatus (Bio-Rad Laboratories), and Western blot
analyses were performed with rabbit anti-PIA primary antibody (a gift from Jim O’Gara, National
University of Ireland, Galway, Ireland) and AP-conjugated goat anti-rabbit secondary antibody (Jackson
Immunoresearch, West Grove, PA). Detection and visualization were completed using ECF chemilumi-
nescent substrate (GE Healthcare Life Sciences) and a Typhoon FLA 7000 (GE Healthcare Life Sciences).

Static biofilm assay. Christensen biofilm assays were performed as previously described (79, 100).
Briefly, cultures were grown in TSB in 96-well flat-bottom Delta Surface plates (Corning). After overnight
incubation in a 37°C static incubator, the plates were washed with phosphate-buffered saline (PBS), dried
(inverted) at 45°C for 2 h, and then stained with 150 �l of crystal violet stain for 15 min at room
temperature. After removal of the stain, the plates were washed under running water until the water ran
colorless. Crystal violet stain was solubilized with 95% ethanol for more consistent quantification on a
plate reader (OD595).

Recombinant protein purification. The open reading frames of icaR and tcaR were PCR amplified
with primer pairs 2692-2357 and 2358-2359 (respectively) using Pfurther long-range DNA polymerase
(Monserate Biotechnology Group) and cloned into the protein expression vector pET15b or pET28a using
the BamHI and NdeI sites. These expression vectors were expressed in the E. coli protein expressing
strains BL21(DE3) (IcaR) or Arctic Express (TcaR). IcaR was induced using autoinduction medium (adapted
from reference 101) for 18 h at 37°C aerobically. To induce TcaR, Arctic Express pNF352 was grown in LB
plus ampicillin aerobically to an OD600 of 0.6 and then induced with 1 mM IPTG (isopropyl-�-D-
thiogalactopyranoside) for 3 h. Induced cultures were pelleted at 4°C and resuspended in equilibrium
buffer (1:20) containing protease inhibitors (4 mM phenylmethylsulfonyl fluoride, 1 mM N-ethylmaleimide
[NEM], 25 mM 6-aminohexanoic acid [EACA]). Cells were passaged through an EmulsiFlex C3 (Avestin,
Ottawa, Ontario, Canada) three times to lyse cells. Samples were then centrifuged at 4°C, and superna-
tants were incubated with 1 ml of HisPur cobalt resin (Pierce Biotechnology, Rockford, IL) overnight on
an end-over-end mixer at 4°C. Resin was then washed and eluted according to the manufacturer’s
instructions. Purified proteins were concentrated at 20°C using a Vivaspin 10,000-molecular-weight-
cutoff (MWCO) column (Sartorius AG, Göttingen, Germany) and stored in PBS with 30% glycerol at �20°C.

Electrophoretic mobility shift assay. Primers 2850 and 2851 were used to amplify the ica promoter
carrying a fluorescein tag. Increasing concentrations (100 to 1,000 pmol) of recombinant IcaR and TcaR
were incubated with fluorescein-labeled DNA in binding buffer (20 mM Tris-HCl [pH 8.0], 150 mM KCl,
0.1 mM MgCl2, 0.05 mM EDTA, 12.5% glycerol, 10 mM dithiothreitol [DTT], 1 mg/ml bovine serum
albumin [BSA]) for 30 min at room temperature. Next, 10 �l of 10 mg/ml salmon sperm DNA was added
as noncompetitive DNA. Then, 15.8 �M unlabeled DNA (amplified with primers 2865 and 2851) was
added as competitive DNA. After incubation, loading buffer was added to each reaction mixture and
loaded onto a 6% polyacrylamide gel (0.5� Tris-borate-EDTA [TBE], 0.2% glycerol, 6% bisacrylamide,
TEMED, APS). Samples were electrophoresed in 0.5� TBE and visualized on a Typhoon FLA 7000 (GE
Healthcare).

Generation of 32P-labeled DNA. Primer 2855 was labeled with 32P by incubation with 10� kinase
buffer, T4 polynucleotide kinase, and [32P]ATP for 30 min at 37°C. The primer was then precipitated with
ammonium acetate, glycogen, and ice-cold ethanol in dry ice for 10 min, followed by pelleting by
centrifugation and a wash with cold 70% ethanol. A SpeedVac concentrator (Thermo Scientific) attached
to a vacuum pump was used to dry the pelleted, labeled primer.

The icaR-icaA intergenic region was amplified with labeled primer 2855 and unlabeled primer 2965 using
HiFi Platinum Taq polymerase (Invitrogen, Carlsbad, CA) with 1457 genomic DNA as the template. Labeled
PCR product was cleaned using Wizard SV gel and a PCR Clean-Up system (Promega, Madison, WI).

DNase I footprinting assay. Labeled DNA was incubated with recombinant IcaR or TcaR in binding
buffer (20 mM Tris-HCl [pH 8.0], 150 mM KCl, 0.1 mM MgCl2, 0.05 mM EDTA, 12.5% glycerol, 10 mM DTT,
1 mg/ml BSA), to a final volume of 20 �l for 15 min at room temperature. Then, 20 �l of 5 mM
CaCl2–10 mM MgCl2 was added to each reaction, followed by 10 �l of diluted DNase I. Next, 100 �l of
STOP buffer (0.125% SDS, 12.5 mM EDTA, 3 mg/ml glycogen) was added exactly 1 min after the addition
of DNase I, and the reaction mixture was placed on ice. A 100-�l portion of phenol-choloroform-isoamyl
alcohol (25:24:1) was added, and the reaction mixture was mixed by flicking, followed by centrifugation
to separate the layers. The aqueous layer was moved to a new tube containing 1 ml of ice cold ethanol
and stored at �20°C overnight (or on dry ice for 15 min). The DNA was pelleted by centrifugation for 20
min, the ethanol was removed, and the pellet was washed with 70% ethanol. A SpeedVac concentrator
(Fisher Scientific) was used to dry the pellet. The pellet was then resuspended in 7 �l of loading buffer
(7 M urea, 0.1� TBE, 0.05% bromophenol blue, 0.05% xylene cyanol FF), heated at 95°C for 2 min in a
thermal cycler, and loaded onto a 6% denaturing polyacrylamide gel (42% urea, 1� TBE, 6% polyacryl-
amide, TEMED, APS). The gel was electrophoresed on a prewarmed (50°C) Sequi-Gen GT nucleic acid
electrophoresis cell (Bio-Rad) apparatus at 50 W in 0.5� TBE until the dye front migrates ¾ of the way
through the gel, maintaining buffer temperature at 50 to 55°C. The gel was then transferred onto a large
piece of Whatman paper (GE Healthcare), covered in plastic wrap, and dried on a gel dryer attached to
a vacuum pump. Finally, the dried gel was developed using autoradiography film.

Isolation of biofilm mutants. Polystyrene tissue culture flasks (25 cm2; Corning Life Sciences,
Durham, NC) were filled with 5 ml of TSB and inoculated with a single colony of S. epidermidis CSF41498.
The flask was stored in a 37°C static incubator, with washing and replacement with fresh TSB media every
day. On day 5, the flasks were washed with sterile saline, and the biofilm was removed from the flask
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surface using a cell scraper (Biologix Corp, Shandong, China). The biofilms were dispersed using a sonic
dismembrator (Fisher Scientific) on setting 1, serial diluted, and plated on Congo red agar (79).

Generation of 1457 biofilm mutants. Stovall convertible flow cells (24 mm by 40 mm by 8 mm;
Stovall, Greensboro, NC) were filled with sterile TSB and inoculated with overnight cultures of S.
epidermidis 1457. Biofilms were grown at 37°C at a flow rate of 0.5 ml/min for 24 h.

DNA sequencing of biofilm mutants. Isolates were sequenced on a MiSeq short-read sequencing
platform (Illumina, Inc.) which produced reads with an average length of 300 bp and insert size of 500 bp,
as previously described (102) at the Multidrug-Resistant Organism Repository and Surveillance Network
(MRSN) of WRAIR. These reads were mapped to the complete CSF41498 genome (GenBank accession
numbers CP030246 to CP030249); single nucleotide polymorphisms (SNPs) were then identified using
Geneious software (Biomatters, New Zealand) based on CSF41498 annotation. All SNPs found had a read
frequency of �0.9. The 13-kb deletion was identified as present in a mixed population by a read coverage
of less than half the genome average.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JB

.00524-18.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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